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mice [75 Ϯ 3% (mean Ϯ SE)] compared with wild-type mice (89 Ϯ 2%, P Ͻ 0.05). Maximal relaxation to acetylcholine (10 Ϫ4 M) was profoundly impaired in aorta from old ecSOD Ϫ/Ϫ mice (45 Ϯ 5%) compared with wild-type mice (75 Ϯ 4%, P Ͻ 0.05). There was a significant correlation between expression of ecSOD and maximal relaxation to acetylcholine in adult and old mice. Tempol (1 mM), a scavenger of superoxide, improved relaxation in response to acetylcholine (63 Ϯ 8%) in old ecSOD Ϫ/Ϫ mice (P Ͻ 0.05), but not wild-type mice (75 Ϯ 4%). Maximal relaxation to sodium nitroprusside was similar in aorta from adult and old wild-type and ecSOD Ϫ/Ϫ mice. Quantitative RT-PCR showed a decrease in mRNA levels of ecSOD and catalase in aorta of old mice and an increase in levels of TNF␣ and Nox-4 in aorta of old mice compared with adult mice. The findings support the hypothesis that impaired antioxidant mechanisms may contribute to cumulative increases in oxidative stress and impaired endothelial function in old mice. In conclusion, endogenous ecSOD plays an important role in protection against endothelial dysfunction during aging. oxidative stress; antioxidants; vasomotor function; nitric oxide EXTRACELLULAR SUPEROXIDE DISMUTASE (ecSOD) protects against inactivation of nitric oxide (NO) by superoxide and, thereby, protects against endothelial dysfunction. Experimental alteration of ecSOD levels, by adenoviral overexpression or in knockout mice, has little effect on vascular function in normal animals (4, 15) , in which levels of superoxide in vessels are low. The protective effect of ecSOD is much greater in the presence of diseases and stimuli that increase oxidative stress (2, 21, 27) .
Aging is associated with increased oxidative stress and endothelial dysfunction (1, 3-5, 9, 10) . Plasma levels of ecSOD decline with aging (11) , and gene transfer of ecSOD improves endothelial function in old rats (4). It is not known, however, whether endogenous ecSOD is sufficient to play an important role in protection against endothelial dysfunction during aging.
An important role for ecSOD in protection of blood vessels during aging is supported by a large study of humans with a gene variant of ecSOD, ecSOD R213G , which is associated with increased risk of ischemic heart disease (16). However, cardiovascular risk was not unmasked until the subjects were 70 yr old. The finding implies that ecSOD may have greater protective effects during aging than in youth or, perhaps, that loss of ecSOD results in cumulative increases in oxidative stress that are manifested as a disease state late in life.
The goal of this study was to test the hypothesis, using adult and old wild-type (ecSOD ϩ/ϩ ) and ecSOD-deficient (ecSOD Ϫ/Ϫ ) mice, that endogenous ecSOD protects against endothelial dysfunction during aging. In addition, quantitative RT-PCR was used to examine mRNA levels of some genes that are potentially important in relation to endothelial function.
METHODS

Animals.
As described previously (18), we obtained breeding pairs of wild-type and ecSOD Ϫ/Ϫ mice from Dr. Ralf Brandes. Female wild-type and ecSOD Ϫ/Ϫ littermates derived from breeding pairs of heterozygous ecSOD ϩ/Ϫ mice were used for this study. Mice were euthanized by sevoflurane inhalation followed by exsanguination.
Adult wild-type (n ϭ 8) and adult ecSOD Ϫ/Ϫ (n ϭ 8) mice were similar in age (11.1 Ϯ 0.3 and 11.3 Ϯ 0.2 mo, respectively). Old wild-type (n ϭ 12) and ecSOD Ϫ/Ϫ (n ϭ 7) mice were also similar in age (29.3 Ϯ 0.3 and 28.7 Ϯ 0.4 mo, respectively). Adult wild-type and adult ecSOD Ϫ/Ϫ mice were similar in body weight (30.2 Ϯ 2.3 and 28.3 Ϯ 2.2 g, respectively). Old wild-type and old ecSOD Ϫ/Ϫ mice were also similar in body weight (21.5 Ϯ 0.8 and 22.6 Ϯ 0.8 g, respectively).
Aortas were quickly removed and placed in cold (4°C) oxygenated Krebs solution (in mM: 133 NaCl, 4.7 KCl, 1.35 NaH 2PO2, 16.3 NaHCO 3, 0.61 MgSO4, 7.8 glucose, and 2.52 CaCl2). Aortas were trimmed, cleaned, and cut into 5-to 7-mm-long rings. All procedures and handling of animals were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Iowa.
Tissue RNA. Total RNA was isolated from the aorta using TRIzol (Invitrogen) followed by RNeasy Mini (Qiagen). Reverse transcription was performed as described previously (6) . Real-time PCR was performed using the TaqMan method, with primer/probe sets from Applied Biosystems. Relative quantification was performed against ␤-actin using the cycle threshold (⌬⌬C t) method. We measured the three isoforms of SOD, endothelial NO synthase (eNOS), Nox catalytic subunits of NAD(P)H oxidase (Nox-2 and Nox-4), catalase, and Klotho (an aging suppressor gene).
Detection of superoxide. Superoxide levels were measured by lucigenin-enhanced chemiluminescence as described previously (21) . Vessel segments were placed in 0.5 ml of PBS containing 5 M lucigenin, and relative light units were measured for 5 min. Background counts were determined and subtracted from values for tissue samples, and values were normalized to surface areas. Effects of tiron (a scavenger of superoxide, 10 mM) were determined.
Measurement of superoxide levels with lucigenin requires the entire aorta from a mouse. Thus we used the entire aorta from mice that were different from those used for examination of vasomotor responses in adult wild-type and ecSOD Ϫ/Ϫ mice. Old mice were not available for measurement of superoxide with lucigenin.
Vasomotor responses. Aortic rings were mounted on stainless steel hooks at optimal resting tension (0.5 g) in individual organ baths in Krebs bicarbonate solution at 37°C and aerated with 95% O 2-5% CO2. Tension was adjusted periodically to the desired level during a 45-min equilibration period. Vascular rings were precontracted with 10 Ϫ5 mol/l PGF2␣ and initially tested with 3 ϫ 10 Ϫ5 acetylcholine and washed. Vascular rings were then contracted to 50% maximal contraction with 10 Ϫ5 mol/l PGF2␣. Responses to acetylcholine (10 Ϫ9 -10 Ϫ5 mol/l) with and without tempol, an SOD mimetic (1 mM), were measured. Responses to the endotheliumindependent vasodilator sodium nitroprusside (10 Ϫ9 -10 Ϫ5 mol/l) were then examined. Responses to PGF2␣ (10 Ϫ9 -10 Ϫ5 mol/l) and serotonin (10 Ϫ9 -10 Ϫ5 mol/l) were also examined. Contractile responses are expressed as grams of tension, and relaxation is expressed as percentage of contraction produced by PGF 2␣.
Drugs. PGF2␣, acetylcholine chloride, sodium nitroprusside, serotonin, tempol, and tiron (Sigma) were dissolved in normal saline.
Statistical analysis. Values are means Ϯ SE. Intergroup comparisons were performed using one-way ANOVA with Bonferroni's multiple comparisons test. Differences were considered to be significant when P Ͻ 0.05.
RESULTS
Gene expression.
There was minimal expression of ecSOD mRNA in the ecSOD Ϫ/Ϫ mice compared with wild-type mice ( Fig. 1) . mRNA for ecSOD is detectable in ecSOD Ϫ/Ϫ mice, because some mRNA is still produced. As long as primers/probes that target the undisrupted positions are used, as in our experiments, residual expression after disruption of intact ecSOD is detected.
Expression of ecSOD was reduced by 40 Ϯ 8% in old wild-type mice compared with adult wild-type mice (Fig. 1) . No compensatory increase in expression of other SOD isoforms (Cu,Zn-SOD or Mn-SOD) was observed in ecSOD Ϫ/Ϫ mice ( Table 1 ). Expression of catalase was similar in wildtype and ecSOD Ϫ/Ϫ mice but was greatly reduced in old mice. There was also a tendency for eNOS to be reduced in older animals, but differences failed to reach statistical significance.
Expression of Nox-2 was unchanged across all groups (Table 1). Levels of Nox-4 and TNF␣ tended to be increased in aortas of old mice compared with adult mice (Table 1) . Expression of Klotho, an age-related gene, was similar in wildtype and ecSOD Ϫ/Ϫ mice but was profoundly reduced in old mice.
Superoxide. Superoxide was measured with lucigenin in separate groups of adult wild-type (n ϭ 7) and adult ecSOD Ϫ/Ϫ (n ϭ 7) mice. Superoxide was significantly greater in aortas from adult ecSOD Ϫ/Ϫ mice than wild-type mice (Fig. 2) , and the lucigenin signal was abolished by tiron in both groups, which indicates specificity for superoxide. Tiron eliminated the difference between aortas from ecSOD Ϫ/Ϫ and wild-type mice (Fig. 2) .
Vasomotor responses. In adult mice, maximal relaxation to acetylcholine (10 Ϫ4 M) was significantly less in aortas from ecSOD Ϫ/Ϫ mice than wild-type mice (75 Ϯ 4 vs. 89 Ϯ 2%; Fig. 3A) . In old mice, maximal relaxation to acetylcholine (10 Ϫ4 M) was much less in ecSOD Ϫ/Ϫ mice than wild-type mice (45 Ϯ 5 vs. 75 Ϯ 4%; Fig. 3B ). The response to acetylcholine was less in old wild-type and ecSOD Ϫ/Ϫ mice (Fig. 3B ) than adult mice (Fig. 3A) . In wildtype mice, there was mild impairment in maximum relaxation to acetylcholine during aging (89 Ϯ 2 and 75 Ϯ 4% in adult and wild-type mice, respectively, P Ͻ 0.05; Fig. 3 ). Impairment of the response to acetylcholine was exaggerated in old ecSOD Ϫ/Ϫ mice compared with adult mice (45 Ϯ 5 and 75 Ϯ 4%, respectively; Fig. 3) .
The response to acetylcholine was compared with gene expression of ecSOD in adult and old wild-type and ecSOD Ϫ/Ϫ mice (Fig. 4) . There was a positive correlation between relaxation to acetylcholine and expression of ecSOD in adult and old mice (P Ͻ 0.05). The regression line was significantly steeper in old mice than in adult mice.
In old ecSOD Ϫ/Ϫ mice, tempol improved responses to acetylcholine (63 Ϯ 8%; Fig. 5D ). Tempol did not improve responses to acetylcholine in old wild-type mice or adult wild-type or ecSOD Ϫ/Ϫ mice. Responses to nitroprusside were not altered in adult or old ecSOD Ϫ/Ϫ mice (Fig. 6 ). Contraction to PGF 2␣ was similar in adult and old ecSOD Ϫ/Ϫ and wild-type mice (Fig. 7) . Contractile responses to serotonin also were similar in ecSOD Ϫ/Ϫ and wild-type adult and old mice (data not shown).
DISCUSSION
The major new finding of this study is that although endogenous ecSOD in the aorta declines substantially during aging, relaxation to acetylcholine is impaired much more in old ecSOD Ϫ/Ϫ mice than adult ecSOD Ϫ/Ϫ mice. Endothelial dysfunction in old ecSOD Ϫ/Ϫ mice was reversed in part with tempol. These findings suggest that residual levels of endogenous ecSOD during aging play a critical role in protection against endothelial dysfunction.
Vasorelaxation. In blood vessels, NO is released from the endothelium and diffuses to smooth muscle to produce relaxation. In vessels with high levels of superoxide, NO may be degraded and fail to reach smooth muscle cells, thereby producing endothelial dysfunction. ecSOD, which constitutes a large portion of total SOD in the vessel wall, is strategically located to protect NO during diffusion to smooth muscle (25) . Thus ecSOD plays a key role in protection against endothelial dysfunction.
The finding that vascular responses are further impaired in old ecSOD Ϫ/Ϫ mice compared with adult ecSOD Ϫ/Ϫ mice is novel. Modest impairment of aortic relaxation to acetylcholine in adult ecSOD Ϫ/Ϫ mice is also consistent with previous reports (14, 15) . Vessel size appears to influence susceptibility to alteration of endothelial function in adult mice, since endothelial function of mesenteric arteries (in contrast to aorta) was not impaired in adult ecSOD Ϫ/Ϫ mice (14) . Impaired relaxation of arteries to acetylcholine with increasing age is consistent with previous studies in rats (4) and, presumably, is related to elevated levels of superoxide in arteries with aging (4, 5, 10, 15) . The present data, with ecSOD deficiency, also suggest that superoxide may be an important mediator of impaired endothelium-dependent relaxation with aging. Fig. 3 . Relaxation of aorta to acetylcholine in adult wild-type and ecSOD Ϫ/Ϫ (n ϭ 8 each) mice (A) and old wild-type (n ϭ 11) and ecSOD Ϫ/Ϫ (n ϭ 7) mice (B). Values are means Ϯ SE. *P Ͻ 0.05 vs. wild-type. Fig. 4 . Relationship of expression of ecSOD (mRNA) to maximal relaxation of aorta to acetylcholine in adult and old wild-type and ecSOD Ϫ/Ϫ mice. In adult mice, there was a significant correlation between expression of ecSOD (SOD3) and relaxation to acetylcholine (P Ͻ 0.05, slope ϭ 15.2). In old mice, there also was a significant correlation (P Ͻ 0.05, slope ϭ 43.9), which was significantly different from the slope in adult mice (P Ͻ 0.05).
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Relaxation to nitroprusside, which acts as a direct NO donor, was not affected by deficiency of ecSOD or by increasing age in these experiments. These findings suggest that impaired responses to acetylcholine are due primarily to a defect in endothelial function and bioavailability of NO, rather than impairment of smooth muscle function in the aorta.
Gene transfer of ecSOD protects against endothelial dysfunction in rats during aging (4) . Gene transfer of ecSOD in old rats reduced superoxide levels to levels similar to those in younger animals and restored vascular function. Although high levels of ecSOD, generated by gene transfer, support a role for superoxide in endothelial dysfunction during aging, the role of endogenous ecSOD during aging was not addressed (4) . The present study indicates that even though levels of ecSOD are reduced with aging, the residual, endogenous levels of ecSOD play a key role in protection against endothelial dysfunction during aging.
There is a positive correlation between responses to acetylcholine and gene expression of ecSOD in adult and old mice. The finding suggests that ecSOD may be important in reducing oxidative stress and preserving endothelial function in adult and old animals. The regression line was significantly steeper in old than in adult mice, which supports the conclusion that the protective effect of ecSOD against endothelial dysfunction is greater in old than in adult mice. It is important to acknowledge, however, that these correlations indicate an association but do not establish a causal relationship.
Deficiency of Cu,Zn-SOD or Mn-SOD produces vascular dysfunction with increasing age (5, 10). Responses to acetylcholine are normal in young heterozygous Cu,Zn-SOD ϩ/Ϫ and Mn-SOD ϩ/Ϫ mice, but levels of superoxide are increased and responses to acetylcholine are impaired in old mice (5, 10) . Thus SOD in each cellular and extracellular compartment plays an important protective role during aging.
Superoxide levels. Our data support previous findings (15) that levels of superoxide are elevated in adult ecSOD Ϫ/Ϫ mice. We did not measure superoxide in old mice, because measurement of superoxide with lucigenin in mice requires the whole aorta, and we did not have enough old mice to measure superoxide. Thus we do not have direct evidence that endogenous ecSOD is a major determinant of vascular superoxide dismutation in old mice, and we recognize that this is an important limitation of the study. We did observe, however, that tempol (an SOD mimetic) improved relaxation to acetylcholine in old ecSOD Ϫ/Ϫ mice in this study, which suggests that superoxide was increased in the aorta. In addition, we previously observed elevated superoxide levels in aortas of old rats (4) and showed phenotypic "rescue" with adenoviral overexpression of ecSOD and acute incubation with SOD mimetics.
Gene expression. There are several new findings from realtime RT-PCR quantification of mRNA levels in mouse aorta.
First, eNOS tended to be reduced in old wild-type and ecSOD Ϫ/Ϫ mice. Reduction of eNOS expression in old animals has been demonstrated in carotid arteries of mice and in aortas and carotid and coronary arteries of rats (9, 26, 29) . This finding may explain in part impaired vasomotor function in old mice. The findings of the present study, that deficiency in ecSOD impairs the response to acetylcholine in adult mice (slightly) and old mice (severely) and that impairment could be reversed in part by tempol, suggest that the role of eNOS deficiency in endothelial dysfunction in old animals may be less than the major role of increased levels of extracellular superoxide.
Second, TNF␣ in the aorta tends to increase in old mice compared with both wild-type and ecSOD Ϫ/Ϫ adult mice. This finding suggests augmented inflammation in the aorta of old mice, as well as old rats (8), as reported previously (9) .
Third, Klotho, an aging suppressor gene (19) , was reduced in the aorta of old mice compared with adult mice, independent of ecSOD genotype. Reduction of mRNA expression of Klotho has been demonstrated in the liver of old rats (28) . In Klotho-knockout mice, eNOS expression in vessels was undetectable (19, 24) . The mechanism for the relationship between Klotho and eNOS is not known.
We found that mRNA levels of ecSOD, but not Cu,Zn-SOD or Mn-SOD, are significantly reduced in old wild-type mice compared with adult wild-type mice. This finding is consistent with a previous report of no compensatory upregulation of protein expression of Cu,Zn-SOD or Mn-SOD in adult ecSOD Ϫ/Ϫ mice (14) . A recent study reported that when ecSOD Ϫ/Ϫ mice were challenged with pressure overload, cardiac Cu,Zn-SOD activity was reduced without a change in Cu,Zn-SOD protein levels (21) . This finding suggests that extracellular oxidative stress may affect intracellular status. Reduced levels of ecSOD have been reported in plasma of old patients (11) . Mechanisms for reduction of ecSOD with aging are not clear, but inflammation has been reported to decrease ecSOD in lungs (17) . Because eNOS is a positive regulator for ecSOD expression (12) and eNOS tended to be reduced in old mice in the present study, reduction of eNOS may also contribute to decreased expression of ecSOD.
Expression of catalase was significantly less in old mice than adult mice, independent of ecSOD genotype. Reduction of expression of catalase has been reported in old rats in aortas and other tissues, including heart, kidney, and liver (28, 30) . Reduction of catalase in the aorta of old mice may increase levels of hydrogen peroxide in blood vessels, which can contribute to decreased NO availability by inhibiting SOD activity (13) and by activating NAD(P)H oxidase (20) . However, since tempol, an SOD mimetic, improved vascular function, we suggest that superoxide is more important than hydrogen peroxide as a determinant of vascular dysfunction during aging.
An important limitation of these findings is that although mRNA levels were quantified, protein or enzymatic activity was not measured because of constraints imposed by scarcity of tissues. Nevertheless, the findings, with accurate quantification that is not attainable by other measurements, lead us to speculate about mechanisms that contribute to impaired endothelial function during aging.
Implications. ecSOD may play an important role in vasomotor function with aging. Because of its location in the vessel wall, ecSOD may be critical in protecting NO from degradation after release from the endothelium, especially with advanced age. These findings may have clinical implications in relation to a gene polymorphism (R213G) found in humans in the heparin-binding site of ecSOD (16, 23, 31) . This gene variant impairs binding of ecSOD to the vessel wall and, thus, impairs protection of vessels in the presence of increased levels of superoxide. We speculate that the present findings, which suggest that endogenous ecSOD protects against endothelial dysfunction during aging, may explain in part why the risk of ischemic heart disease in subjects with ecSOD R213G is confined to people over 70 years old (16) .
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